a b s t r a c t Circuitry in ventral occipital-temporal cortex is essential for seeing words. We analyze the circuitry within a specific ventral-occipital region, the visual word form area (VWFA). The VWFA is immediately adjacent to the retinotopically organized VO-1 and VO-2 visual field maps and lies medial and inferior to visual field maps within motion selective human cortex. Three distinct white matter fascicles pass within close proximity to the VWFA: (1) the inferior longitudinal fasciculus, (2) the inferior frontal occipital fasciculus, and (3) the vertical occipital fasciculus. The vertical occipital fasciculus terminates in or adjacent to the functionally defined VWFA voxels in every individual. The vertical occipital fasciculus projects dorsally to language and reading related cortex. The combination of functional responses from cortex and anatomical measures in the white matter provides an overview of how the written word is encoded and communicated along the ventral occipital-temporal circuitry for seeing words.
Introduction
In their studies of reading disorders in neurological patients, Warrington and colleagues found support for the existence of a visual word-form system ''which parses (multiply and in parallel) letter strings into ordered familiar units and categorizes these units visually (p. 110)''. The methods of neurology available to Warrington and colleagues yielded inconsistent evidence about the location of this system. They speculated that the anatomical locus of acquired dyslexia might be in ventral occipital temporal cortex (Kinsbourne & Warrington, 1963) or in temporal parietal cortex (Warrington & Shallice, 1980) . During the following decades, advances in neuroimaging measurements provided compelling evidence that regions within ventral occipital-temporal (VOT) cortex are part of the network for skilled reading (Dehaene, Le Clec, Poline, Le Bihan, & Cohen, 2002; Nobre, Allison, & Mccarthy, 1994; Petersen, Fox, Snyder, & Raichle, 1990; Price et al., 1994; Salmelin, Helenius, & Service, 2000; Salmelin, Service, Kiesila, Uutela, & Salonen, 1996; Wandell, 2011; Wandell, Rauschecker, & Yeatman, 2012) . Damage in this region or nearby white matter can result in selective reading deficits Damasio & Damasio, 1983; Epelbaum et al., 2008; Gaillard et al., 2006; Greenblatt, 1973) ; VOT responses are relatively weak in poor readers (Maisog, Einbinder, Flowers, Turkeltaub, & Eden, 2008) ; in healthy skilled readers, VOT circuitry is highly responsive to visual word forms (Ben-Shachar, Dougherty, Deutsch, & Wandell, 2007b; Dehaene et al., 2002 Mccandliss, Cohen, & Dehaene, 2003) ; during development, improvements in reading performance are correlated with increases in VOT responses to written words (Ben-Shachar, Brem et al., 2010; Maurer, Brem, Bucher, & Brandeis, 2005 ). Cohen and colleagues proposed that within the extensive cortical region of VOT there is a specific location -the visual word form area (VWFA) -that is the key neuronal circuitry that learns to recognize word forms . The specific functional role of the VWFA within the word-form system is debated (Dehaene & Cohen, (2011) ; Price & Devlin, 2003 , 2011 Vogel, Miezin, Petersen, & Schlaggar, 2011) .
Skilled reading must involve multiple brain regions. Thus, Warrington's observations that damage in either VOT or temporal parietal cortex may impair reading are still relevant. For example, Greenblatt (1973) reported that damage to the vertical occipital fasciculus, a fiber tract that connects ventral occipital with dorsal-lateral occipital regions, results in pure alexia, also called alexia without agraphia or word blindness. Thus damage affecting either cortical region, or the circuitry carrying signals between them, may result in letter-by-letter reading.
There is no definitive demonstration of a cortical circuit that performs a single cognitive function. It is particularly unlikely that a region dedicated uniquely to reading exists; after all, reading has only become important to society over the last few hundred years. To understand the VWFA function, and how this might contribute to reading, we can rely on two general cortical principles. First, cortical circuits with similar functions are often clustered together (Brewer, Liu, Wade, & Wandell, 2005; Wandell, Dumoulin, & Brewer, 2007) ; such clustered regions are typically connected by the U-fibers system within the white matter. To understand the VWFA's role in reading we should consider the properties of adjacent cortical circuitry. Second, cortical circuits communicate with specific and targeted distant cortical regions via long-range axon bundles. To further understand the role of the VWFA's role in reading, it will be helpful to delineate its long-range connections.
Improvements in the resolution and signal quality of functional and structural magnetic resonance imaging (MRI) have made it possible to map reliably the VWFA and nearby cortical circuitry in single subjects using functional MRI (fMRI), and to estimate long-range inputs and outputs using diffusion weighted imaging (DWI). The fMRI measurements situate the VOT circuitry involved in seeing words with respect to other important cortical regions; the diffusion measurements provide insight into the long-range connections between VOT and other cortical regions. Recent reviews have emphasized the importance of a circuit diagram for reading, and specifying the inputs and outputs of the VWFA (Price & Devlin, 2011; Wandell et al., 2012) . Here, we describe new measurements of these properties in the brains of individual subjects.
Methods and materials
The subjects and data used in this study have been described in previous reports from our group (Ben-Shachar, Dougherty, Deutsch, & Wandell, 2007a; Rauschecker et al., 2011; Yeatman et al., 2011) .
fMRI data acquisition

Scanning parameters
Anatomical and functional imaging data were acquired on a 3 T General Electric scanner using an 8-channel head coil. Head motion was minimized by placing padding around the head. Functional MR data were acquired using a spiral pulse sequence (Glover, 1999) . Thirty 2.5 mm thick coronal oblique slices oriented approximately perpendicular to the calcarine sulcus were prescribed. These slices covered the whole occipital lobe and parts of the temporal and parietal lobes. Data were acquired using the following parameters: Acquisition matrix size = 64 Â 64, FOV = 180 mm, voxel size of 2.8 Â 2.8 Â 2.5 mm, TR = 2000 ms, TE = 30 ms, flip angle = 77°. Some retinotopy scans were acquired with 24 similarly oriented slices at a different resolution (1.25 Â 1.25 Â 2 mm, TR = 2000 ms, TE = 30 ms). Stimuli were projected onto a screen that the subject viewed through a mirror fixed above the head. The screen subtended a radius of 12°along the vertical dimension.
Experimental design
The visual word form area (VWFA) localizer consisted of four block-design runs of 180 s each. Twelve-second blocks of words, fully phase-scrambled words, or checkerboards alternated with 12-s blocks of fixation (gray screen with fixation dot). Stimuli during each block were shown for 400 ms, with 100 ms inter-stimulus intervals, giving 24 unique stimuli per block. Words were six-letter nouns with a minimum word frequency of seven per million. The size of all stimuli was 14.2 Â 4.3°. Fully phase-scrambled words consisted of the same stimuli, except that the phase of the images was randomized. Checkerboard stimuli reversed contrast at the same rate as the stimuli changed and were the same size as other stimuli. The order of the blocks was pseudo-randomized, and the order of stimuli within those blocks was newly randomized for each subject.
fMRI data analysis
fMRI data were analyzed using the freely available mrVista tools (http://white.stanford.edu/software/, SVN revision 2458). We used an affine transformation to align each temporal volume to the first volume of the first run. Baseline drifts were removed from the time series by high-pass temporal filtering (cut-off frequency: 20 frames per scan). A general linear model (GLM) was fit to each voxel's time course, estimating the relative contribution of each condition to the time course. We also included a separate regressor for each run to account for shifts in baseline. Statistical maps were computed as voxel-wise t-tests between two conditions. For visualization, statistical contrast maps were interpolated to the T1-weighted volume anatomy and restricted to gray matter layers. These maps were projected onto a cortical surface rendering consisting of the surface along the gray-white boundary. Spatial smoothing was applied only for visualization on the 3-D rendering and not for data analyses.
We combined retinotopic mapping and a VWFA localizer using standard statistical contrasts (Fig. 1) . The statistical processing is described in detail by Rauschecker et al. (2011) . The VWFA was defined in individuals by contrasting words to phase scrambled words, presented at the fovea. The VWFA localizer statistical contrast produces clusters of significant voxels within VOT cortex in all subjects. For all subjects, we find that the location of the VWFA is just lateral and/or anterior to the visual field maps VO-1 and VO-2 (Brewer et al., 2005) . The TO-1 and TO-2 visual field maps (Amano, Wandell, & Dumoulin, 2009 ) are part of the human motionselective complex (hMT+) that is generally located superior and lateral to the VWFA; however, in some subjects the VWFA abuts these maps. In ten of eleven subjects words presented at fixation produce activation at homologous locations the left (VWFA) and right hemispheres. We refer to the right hemisphere location as the rVWFA.
The VWFA was defined in each subject as ventral surface activation from a contrast between words and phase-scrambled words (p < 0.001, uncorrected). The region was restricted to responsive voxels outside retinotopic areas and anterior to hV4. The Montreal Neurological Institute (MNI) coordinates of the peak voxel within the ROI was identified by finding the best-fitting transform between the individual T1-weighted anatomy with the average MNI T1-weighted anatomy and then applying that transform to the peak voxel within the VWFA for the same contrast.
The VWFA ROIs are located near the left lateral occipito-temporal sulcus and within $5 mm of previous reports (Ben-Shachar et al., 2007b; Cohen et al., 2002; Dehaene et al., 2002) . In this manuscript, unless otherwise specified, VWFA refers to the left-hemisphere ROI. In all subjects a contrast of words versus checkerboards produces regions of interest in virtually identical locations and of similar size.
We identified retinotopic areas in each individual using the previously described population receptive field method (Dumoulin & Wandell, 2008) . Briefly, this method finds the best fitting 2-D Gaussian receptive field, consisting of an x, y visual field position and r, the receptive field size, for each voxel in response to bars of flashing checkerboards sweeping across the visual field. Retinotopic areas were defined by angle reversals Wandell et al., 2007) .
Diffusion data acquisition
Diffusion data were acquired on a 1.5 T Signa LX scanner (Signa CVi; GE Medical Systems, Milwaukee, WI) using a self-shielded, high-performance gradient system. A standard quadrature head coil, provided by the vendor, was used for excitation and signal reception.
The diffusion protocol used eight repetitions of a 90-s wholebrain scan. The scans were averaged to improve signal quality. The pulse sequence was a diffusion-weighted single-shot spinecho, echo planar imaging sequence (63 ms TE; 6 s TR; 260 mm FOV; 128 Â 128 matrix size; ±110 kHz bandwidth; partial k-space acquisition). We acquired 60 axial, 2-mm-thick slices (no skip) for two b-values, b = 0 and b = 800 s/mm 2 . The high b-value data were obtained by applying gradients in 12 diffusion directions (six noncollinear directions). Two gradient axes were energized simultaneously to minimize TE and the polarity of the effective diffusion-weighting gradients was reversed for odd repetitions to reduce cross-terms between diffusion gradients and imaging and background gradients.
We also acquired and analyzed a 40-diffusion direction sequence for a subset of the subjects. By comparing the fiber tract estimates from the two independent datasets we confirmed that the trajectory and endpoints of fascicles we report here were not influenced the specific acquisition parameters. Consistent with our previous reports the principal diffusion direction estimates (and scalar estimates of fractional anisotropy, mean diffusivity, radial diffusivity and axial diffusivity) were very similar for the 12 diffusion direction and 40 diffusion direction acquisitions (Yeatman et al., 2011) . For all the analyses in this paper, including tractography, there were no differences between estimates using 12-and 40-directions because the data were acquired at relatively low b-values that only support fitting a tensor model as oppose to more a more complex model.
We collected T1-weighted anatomical images for each subject using an 8-min sagittal 3D-SPGR sequence (1-mm isotropic voxels). The following anatomical landmarks were defined manually in the T1 images: the anterior commissure (AC), the posterior commissure (PC), and the mid-sagittal plane. With these landmarks, we used a rigid-body transform to convert the T1-weighted images to the conventional AC-PC aligned space.
Diffusion data processing
Eddy current distortions and subject motion in the diffusionweighted images were removed by a 14-parameter constrained non-linear co-registration based on the expected pattern of eddy-current distortions given the phase-encode direction of the acquired data (Rohde, Barnett, Basser, Marenco, & Pierpaoli, 2004) .
Each diffusion-weighted image was registered to the mean of the (motion-corrected) non-diffusion-weighted (b = 0) images using a two-stage coarse-to-fine approach that maximized the normalized mutual information. The mean of the non-diffusionweighted images was automatically aligned to the T1 image using a rigid body mutual information algorithm. All raw images from the diffusion sequence were resampled to 2-mm isotropic voxels by combining the motion correction, eddy-current correction, and anatomical alignment transforms into one omnibus transform and resampling the data using a trilinear interpolation algorithm based on code from SPM5 (Friston & Ashburner, 2004 ). An eddy-current intensity correction (Rohde et al., 2004) was applied to the diffusion-weighted images at the resampling stage.
The rotation component of the omnibus coordinate transform was applied to the diffusion-weighting gradient directions to preserve their orientation with respect to the resampled diffusion images. 
Tractography
Fiber tracts were estimated using a deterministic streamlines tracking algorithm (STT) (Basser, Pajevic, Pierpaoli, Duda, & Aldroubi, 2000; Mori, Crain, Chacko, & Van Zijl, 1999 ) with a fourth-order Runge-Kutta path integration method and 1-mm fixed-step size. Tensors were fit to each diffusion data sample point using a robust least-squares algorithm designed to remove outliers from the tensor estimation step (Chang, Jones, & Pierpaoli, 2005) . A continuous tensor field was estimated with trilinear interpolation of the tensor elements. Starting from initial seed points within the white matter mask, the path integration procedure traced streamlines in both directions along the principal diffusion axes. Individual streamline integration was terminated using two standard criteria: tracking is halted if (a) the FA estimated at the current position is below 0.15, or (b) the minimum angle between the last path segment and next step direction is >50°.
All custom image processing software is available as part of our open-source mrDiffusion package available for download from (http://white.stanford.edu/software/, SVN revision 2458).
Results
Visual field maps and the VWFA
Responses in V1 and nearby cortical regions (V2, V3, hV4, VO-1, VO-2) are organized into retinotopic maps Wandell et al., 2007) . Viewing a single word evokes a series of responses in several of these maps (Fig. 1) . A word evokes a response in primary visual cortex (V1) at a position that corresponds to the word's visual field position; for example, a word positioned on the horizontal meridian, just to the right of fixation, elicits a response in the depth of calcarine sulcus (V1). There are also responses at the boundary between V2 and V3, which is the horizontal meridian representation of those maps, and within the hV4 and VO-1 maps. Text also elicits a response within the VWFA, a region that can be identified in a separate localizer scan that compares the responses to words and phase-scrambled words. These regions all respond to many types of spatial patterns (e.g. checkerboards or gratings); none respond uniquely to words.
The relative positions of the visual field maps and the responses to a word are consistent across subjects (Fig. 2A) . The reliability of the spatial relationships between the maps provides a very useful coordinate frame for identifying the same activation in different subjects. The absolute position and size of the visual field maps, however, can differ between subjects. The surface area of the V1 map, for example, differs by more than a factor of two and the surface area does not correlate with brain size (Andrews, Halpern, & Purves, 1997; Dougherty et al., 2003) . Moreover, given the relatively small size of the word in the visual field, there is a correspondingly small surface area responding in the V1-V3 maps. Given the variability in map size and brain convolutions, averaging responses from multiple subjects in an atlas reference frame is likely to conflate responses between visual field maps, face-selective and object-selective cortex, and the VWFA. To monitor activations at a few millimeters of spatial resolution, we measure single subjects.
The region identified as VWFA in these two subjects consists of several small clusters of voxels anterior to hV4 and outside of the VO-1 and VO-2 maps. The MNI coordinates of these activations are consistent with the VWFA description in the literature, and both A B ) activity outside visual field maps (blue boundaries). Only the left hemisphere is shown for simplicity. The measured location of the VWFA is stable over time.
regions respond to the word versus checkerboard contrast. Yet, the precise organization of these response patches differs. The patchy pattern may reflect underlying clusters of neurons sensitive to word-like stimuli. Processing systems organized into a distributed set of cortical patches is currently under active investigation for face perception (Weiner & Grill-Spector, 2010) , and this may be a general architecture for cortical specializations.
Alternatively, the VWFA patches may be due to uneven sensitivity of the fMRI measurement. An important limitation in ventral occipital measurements concerns an artifact created by transverse dural venous sinus (Winawer, Horiguchi, Sayres, Amano, & Wandell, 2010) . The sinus distorts the local magnetic field and masks certain cortical responses. Consequently, responses that are easy to measure in one subject may be present but hidden by the local imaging artifacts in another. The VWFA response is located near this sinus in some subjects, and we suspect that some of the between-subject variability in the response measured with gradient-echo BOLD imaging can be attributed to this artifact.
Within-subject measurements are relatively stable across time (Fig. 2B ). For example, we measured one subject's VWFA in four separate scan sessions (1, 8, and 16 months following the first scan). The location of the VWFA just lateral to VO-2, with a smaller activation anterior to VO-2, is consistent across these four sessions. The localizer also consistently elicits significant activation in a location just lateral to hV4. The relatively small differences between measurements can be attributed to scanner noise. In summary, the spatial activity pattern in each subject is stable, and the relative position of the VWFA with respect to the maps is consistent. But the spatial distribution of measured VWFA patches differs between subjects.
White matter connections and the VWFA
The region of cortex near the VWFA has several deep sulci; consequently, the nearby white matter includes a number of narrow tendrils (Fig. 3) . Determining the precise location on a gyrus where white matter fascicles terminate is not always possible because the thickness of white matter can be below the spatial resolution of the diffusion imaging data ($2 mm). Hence, as a tract approaches its cortical target, there is significant uncertainty in fiber orientation estimates.
The white matter projections to sulci, such as the lateral occipital-temporal sulcus (OTS), are more amenable to analysis. This region is likely to include white matter pathways from an array of cortical regions; some of these pathways must carry signals essential for reading. BOLD measurements in the temporal lobe, immediately anterior to the VWFA, are effected by magnetic susceptibility artifacts that cause substantial signal dropout in a typical gradient echo, T2
Ã weighted imaging sequence (Wandell et al., 2012; Winawer et al., 2010) . This artifact limits the ability to detect reading related signals because gradient echo pulse sequences are blind to activation in key regions of the anterior tem- poral lobe. Magnetic susceptibility artifacts in the temporal lobe have less impact on spin echo pulse sequences used in diffusion imaging. The surface rendering in Fig. 3A shows the mean signal intensity measured in the cortex with a spin-echo DWI sequence. The axial images in Fig. 3B show the mean signal intensity in the white matter near the VWFA. There is little signal loss in the immediate vicinity of the VWFA, however there is signal loss in regions of cortex 2-3 cm anterior to the VWFA; this loss does not extend deeply into the white matter. Hence it is unlikely that imaging artifacts affect the identification of major white matter fascicles projecting to the VWFA; however cortical endpoints in the anterior temporal lobe may be masked by signal loss in cortex.
To identify major white matter fascicles that consistently pass within close proximity to the VWFA, we performed whole-brain streamlines tractography (STT) for each of 27 subjects. We then identified the streamlines that passed through a 7-mm radius sphere constructed around every subject's functionally defined VWFA. This region included the white matter near the OTS. The VWFA was defined as those cortical voxels that respond to written words significantly more than to phase-scrambled words (p < 0.001). The streamlines are estimates of fascicular bundles comprising thousands axons, some of which likely synapse on originate from neurons in the VWFA.
To summarize these peri-VWFA fascicles across subjects, we transformed the estimated tracts from different individuals into a common atlas space. Each voxel in this atlas space contains a tract from some number of subjects (between 0 and 27), and we represent this number by a color map (Fig. 4) . The fascicular network near the VWFA contains projections capable of communicating efficiently with specific regions within the anterior temporal lobe, frontal lobe, and lateral occipital-parietal cortex.
The tract endpoints were consistent across subjects. The occipital lobe endpoints were concentrated in the inferior and middle occipital gyrus (BA 19), fusiform gyrus (BA 37), lingual and superior occipital gyrus (BA 18). Parietal lobe endpoints were concentrated in the angular gyrus, (BA 40). Frontal lobe endpoints were concentrated in the inferior frontal gyrus pars triangularis and pars orbitalis (BA 45 and BA 47) . Temporal lobe endpoints were distributed across the inferior temporal cortex with a very high density of endpoints in the temporal pole.
The ILF and IFOF
The peri-VWFA fascicular network includes three major fiber tracts. Two of these are large and well-known. The inferior fronto-occipito fasciculus (IFOF) contains fibers passing from much of the occipital lobe, including VOT cortex, through the external capsule to inferior frontal cortex. The inferior longitudinal fasciculus (ILF) connects much of the occipital lobe, including VOT cortex, to the anterior and medial temporal lobe. While the ILF and IFOF are major fascicles, their endpoints are not specific to the VWFA. For some subjects the ILF and IFOF did not contain endpoints in the functionally defined VWFA voxels; rather, the fascicles simply passed nearby, but it is likely that smaller fiber bundles from the VWFA enter these major tracts. To identify such bundles confidently will require more sensitive diffusion analysis techniques than we have implemented here.
The vertical occipital fasciculus
A third fiber group appears consistently near the VWFA in each subject. This tract ascends from the OTS, immediately lateral to ILF fibers, before branching laterally toward its cortical endpoints in the lateral occipital and inferior parietal lobes. The tract appears to connect VOT cortex to the lateral occipital parietal junction, including the posterior angular gyrus and lateral superior occipital lobe. The fiber group's ventral terminations are consistently within or near the functionally defined VWFA voxels.
This fiber group is the vertical occipital fasciculus (VOF) of Wernicke. It was a major theoretical focus in earlier work on acquired alexia by Greenblatt (Greenblatt, 1973) . A homologous tract has been identified in the macaque monkey based on autoradiographic tracers (Schmahmann & Pandya, 2006) . The VOF can be identified on individual subjects' fiber orientation maps using simple methods described in the Supplemental materials (Supplemental Fig. S1A) .
As with most fiber tracts, there is some between-subject variation in the trajectory and VOF endpoints. The variation of the VOF we have found is illustrated in data from three subjects, (Supplemental Fig. S1B ). The estimated VOF connects to different portions of the functionally identified VWFA within ventral occipital cortex. The dorsal endpoints of the VOF connect regions in the lateral occipital lobe, inferior parietal lobe, or both.
3.3. Visualizations of the VWFA's neighborhood 3.3.1. Peri-VWFA streamlines
The three principal peri-VWFA fiber groups and their endpoints can be estimated in individual subjects. The rendering in Fig. 5 shows these groups and their terminations on the cortical surface. The same pattern is observed in all of the individuals in our data set; the precise location and endpoints of the tracts varies with respect to gyral landmarks, but the gross anatomy of these pathways is largely consistent between individuals. These diffusion estimates show the major organization; more refined analyses will be required to obtain rigorous estimates at the millimeter scale.
A slice of the VWFA neighborhood
The proximity of the VWFA to retinotopically defined visual field maps is particularly clear when visualized in volume space. In almost every subject the VWFA abuts VO-1 and VO-2 and is near hV4, TO-1, and TO-2 (Wandell, 2011; Wandell et al., 2012) . Fig. 6 shows axial slices and Supplemental Fig. S2 shows coronal slices near the VWFA. These images denote the major white matter projections and the nearby visual field maps in the left hemisphere. The images are from a typical subject.
In this subject the VWFA abuts the VO-1/VO-2 field maps as well as the TO-1/TO-2 field maps. Our understanding of the specific function of the VO maps is very incomplete, but they appear to have a role in the perception of form and color (Meadows, 1974a (Meadows, , 1974b Zeki, 1990) . Most of the surface area within these maps is driven by signals from the central retina, the temporal dynamics in this region is sluggish, and the region responds well to all three dimensions of color. The TO maps are almost certainly involved in the perception of visual motion (Salzman, Britten, & Newsome, 1990; Tootell et al., 1995; Zeki, 1980) and they are highly responsive to manipulations of attention (Beauchamp, Cox, & Deyoe, 1997; Gandhi, Heeger, & Boynton, 1999; O'Craven, Rosen, Kwong, Treisman, & Savoy, 1997) . This part of cortex is likely to carry important information about eye movement control that is important for reading (Komatsu & Wurtz, 1988a , 1988b Newsome, Wurtz, & Komatsu, 1988) .
Ventral occipital cortex near the VWFA is frequently labeled as the fusiform face area (FFA). There are several distinct face-responsive regions near the VWFA (Weiner & Grill-Spector, 2010) .
The arrangement near the VWFA for another subject is shown Supplemental Fig. S3 . In that subject, the VWFA abuts VO-1/VO-2 and is spatially separated from the TO-1/TO-2 maps. The relative position of each functional module maintains a relatively consistent layout with respect to these maps and white matter fascicles. The word-selective voxels always fall medial and inferior to TO-1/ TO-2 and lateral to VO-1/VO-2. However the cortical surface area occupied by word-selective VWFA voxels varies between subjects.
Discussion
The VWFA is located near ventral visual field maps and probably receives direct input from these maps (Fig. 1) . The VWFA is adjacent and lateral to visual field maps VO-1 and VO-2 in all subjects. Between subjects, the VWFA position varies significantly with respect to sulcal and gyral landmarks and less with respect to the visual field maps. Within subjects the responses that define the VWFA position are relatively stable across time (Fig. 2) .
The ILF and IFOF pass within close proximity of the VWFA and are likely to contain axon bundles with significant information for seeing words. The vertical occipital fasciculus of Wernicke connects regions within VOT, and likely within the VWFA, to the lateral occipital parietal junction and the posterior angular gyrus (Figs. 4 and 5) .
Circuits in visual cortex for seeing words
Visual information, including the information about words on a page, first enters cortex in primary visual cortex (V1). V1 is dominated by neurons that have a small field of view (receptive field) compared to neurons in other visual field maps. Responses of V1 neurons can be modeled with simple models (Cavanaugh, Bair, & Movshon, 2002; Heeger, Simoncelli, & Movshon, 1996; Kay, Naselaris, Prenger, & Gallant, 2008) . As one measures the response along the anterior field maps, the receptive field size of individual neurons within the primate cortex increases (Van Essen, Newsome, & Maunsell, 1984) . The increasing field of view has been confirmed in human fMRI measurements of the receptive field of voxels - which is called the population receptive field (pRF, Dumoulin & Wandell, 2008) . The pRF size increase in maps near the VWFA. A VO-1 pRF is about fivefold compared to V1 pRF size (Kay, Winawer, Mezer, & Wandell, submitted for publication). The difference in pRF size from V1 to the VWFA is a gradual change, rather than an abrupt loss of position sensitivity, and even the latest stages of visual processing likely retain some position sensitivity (Rauschecker et al., 2011) .
Most contrast patterns evoke a response in V1 and V2, but voxels in the ventral occipital and lateral occipital maps appear to favor spatial patterns that distinguish between the statistical properties of different shapes -such as faces, objects and orthography. Hence, from V1 to VOT cortex the neuronal field of view widens and the neuronal pattern sensitivity narrows. Furthermore, the stimuli that evoke a response from voxels in these maps are not coupled uniquely in any obvious way to parameters of the image spatial contrast. Rather, circuitry in the visual field maps appears to transform many types of spatial features into an abstract shape representation (Grill-Spector, Kushnir, Edelman, Itzchak, & Malach, 1998; Rauschecker et al., 2011) , and the properties of the shape representation determine the response efficacy in the VWFA and nearby visual field maps. Multiple circuits within visual cortex may contribute to the computation of the shape representation. For example, the VWFA is located near both the VO and TO maps, and it responds to shape information abstracted either from conventional line contrast or shapes defined by coherent dot motion, suggesting that both the VO and TO maps can provide input to the VWFA (Rauschecker et al., 2011) .
Is the VWFA reading circuitry?
The question as to whether the VWFA is used while reading seems largely settled: VWFA circuitry is responsive to visual word forms Salmelin et al., 1996 Salmelin et al., , 2000 Wandell, 2011; Wandell et al., 2012) ; damage to the VWFA or nearby white matter produces reading deficits (Epelbaum et al., 2008; Gaillard et al., 2006; Greenblatt, 1973 Greenblatt, , 1976 Iragui & Kritchevsky, 1991) VWFA responses are weak in poor readers (Maisog et al., 2008; Wandell et al., 2012) during development reading performance improvements are correlated with increases in VOT responses to written words (Ben-Shachar et al., 2011) .
Like cortex in general, VWFA circuitry is probably used to support multiple tasks (Ben-Shachar, Dougherty, Wandell, et al., 2007) . Some propose to adjudicate whether the VWFA is ''predominantly used in reading'' or ''a more general visual processor used in reading but also in other visual tasks (Vogel et al., 2011, abstract) .'' Whatever judgment is rendered about the balance, it is clear that V1 communicates orthography and other forms to the rest of visual cortex; similarly, the VWFA communicates orthographic signals to other parts of cortex. The VWFA contributes essential information to the reading network.
Analyses of reading circuitry will eventually be supported by computational models of the transformation from visual input to word shape and eventually to meaning. The precise contribution of the VWFA compared to other circuits awaits such modeling.
Does the VWFA have a privileged role in VOT reading circuitry?
Anterior ventral temporal lobe locations may also be important for reading (Nobre et al., 1994) . Currently, there are significant technical challenges that severely limit fMRI measurements in these areas anterior to the VWFA . While an essential component of the reading circuitry, the VWFA does not act in isolation: the visual field maps are important inputs to the VWFA, and the precise VWFA outputs are known only approximately.
We report for the first time that the vertical occipital fasciculus of Wernicke terminates in both the VWFA and the lateral occipital parietal junction including the angular gyrus. The diffusion estimates support Greenblatt's discovery that lesions to this pathway cause pure alexia even when VOT cortex is spared (Greenblatt, 1973 (Greenblatt, , 1976 ). Much prior work shows that lesions in white matter Fig. 6 . Axial slices showing the VWFA, nearby white matter fascicles, and visual field maps. The visual word form area (VWFA) is shown in red. For this individual, cortical voxels were identified corresponding to the following field maps: V1, V2, V3, V4, lateral-occipital 1 and 2 (LO-1/LO-2), temporal-occipital 1 and 2, (TO-1/TO-2), ventraloccipital 1 and 2 (VO-1/VO-2). White matter voxels in peri-VWFA white matter fascicles were identified from diffusion-weighted images: inferior longitudinal fasciculus (ILF), inferior frontal occipital fasciculus (IFOF), and the vertical occipital fasciculus (VOF). pathways posterior to the VWFA, which are likely to deliver inputs from visual cortex, can also cause alexia (Binder & Mohr, 1992; Damasio & Damasio, 1983; Epelbaum et al., 2008) . Hence, the VWFA appears to receive projections from visual cortex and it has access to a pathway that can carry signals forward to cortical language regions. The VWFA may have a privileged position in communicating information about words forms between visual and language areas (Devlin, Jamison, Gonnerman, & Matthews, 2006; Rauschecker et al., 2011) . If all information about orthography passes through the VWFA, then disturbing the pathway between the VWFA and language areas would inevitably impair reading.
Reading and the single subject
Modern neuroimaging methods have adequate sensitivity to measure activity and structure in single subjects at millimeter resolution. Such methods are essential for understanding the neurological basis of phenomena in single subjects. Modern fMRI measures detect word-related responses in consistent locations in single subjects. Modern diffusion methods reliably identify major fascicles in individual subjects. Investigations based on data from single subjects offer better spatial resolution and have significant advantages over group methods when translating scientific findings into clinical practice.
